This study examined work-related chronic abnormality in pulmonary function and work-related acute irritant symptoms associated with exposure to borate dust in mining and processing operations. Chronic effects were examined by pulmonary function at the beginning and end of a 7-year interval. Time-specific estimates of sodium borate particulate exposures were used to estimate cumulative exposure during the study interval. Change in pulmonary function over the 7 years was found unrelated to the estimate of cumulative exposure during that interval. Exposure-response associations also were examined with respect to short-term peak exposures and incidence of five symptoms of acute respiratory irritation. Hourly measures of health outcome and continuous measures of particulate exposure were made on each subject throughout the day. Whenever a subject reported one of the irritant symptoms, a symptom intensity score was also recorded along with the approximate time of onset. The findings indicated that exposure-response relationships were present for each of the specific symptoms at several symptom intensity levels. The associations were present when exposure was estimated by both day-long and short-term (15-min) time-weighted average exposures. Associations persisted after taking account of smoking, age, and the presence of a common cold. No significant difference in response rate was found between workers exposed to different types of sodium borate dusts. -Environ Health Perspect 1 02(Suppl 7): 119-128 (1994) 
Introduction
In the early 1980s, the California Occupational Safety and Health Administration (CalOSHA) adopted the American Conference of Governmental Industrial Hygienists' (ACGIH) list of threshold limit values (TLVs), thereby converting these from guidelines into legal standards applicable in California. Included on the list were the commercially important forms of sodium tetraborate (Na2B407), the anhydrous salt, and the pentahydrate and decahydrate containing 5 and 10 moles of water of hydration, respectively. The 10-mole salt is most widely encountered in industry and in the home, and is generally known as borax.
Prior to the legislation, the borate TLVs had been established rather recently by the ACGIH, and were based upon predicted irritant effects of boron dust present in workplace air. In the judgment of the ACGIH, the anhydrous and 5-mole com- pounds were most irritating. As a result, a TLV of 1 mg/rm3 was established for these, while the TLV for exposures to the 10-mole compound was set at 5 mg/ m3.
Prior to the adoption of the TLVs, exposures to all forms of borates in California were controlled by the same total-dust permissible-exposure-limit (PEL) that OSHA uses elsewhere (10 mg/im3). Since the newly adopted CalOSHA PELs did not appear to be consistent with the experience of U.S. Borax in their production of these compounds, the company decided to conduct the study reported here.
Today, sodium borates are used primarily in the manufacture of specialized glass, enamels, and glazes; as soldering and welding fluxes; as fat solvents; as fixatives for mordants on textiles; in silk spinning; and in the soap, leather, and cosmetic industries. There are an estimated 420,000 U.S. workers with potential occupational exposure to sodium borates (1) .
Prior to the study reported here, there had been an earlier study that suggested borate exposure was associated with symptoms of acute respiratory irritation, such as dryness of the mouth, nose, or throat; dry cough; nose bleeds; sore throat; productive cough; shortness of breath; and chest tightness (2) . Excessive symptoms were reported at levels estimated between 4 and 14.6 mg/ m3. Symptoms were infrequent at exposures of 1.1 mg/im3. The cross-sectional design of that earlier study had available only sparse information on actual exposure, and had to rely on subjects' recollections of past irritation. The earlier study also reported a reduction of forced expiratory volume in 1 sec (FEVI) among smokers who had heavy cumulative sodium borate exposure (.80 mg/m3-years), but not among lessexposed smokers or among nonsmokers.
The present study was designed with the objective of refining measures of both acute irritation and current exposure in an effort to characterize better the acute exposure-response relationships for sodium borate particulates. In addition, a longitudinal analysis of pulmonary function related to chronic exposure was performed. The study was carried out among U.S. Borax employees exposed to the various forms of borate ore and processed materials present at the Mojave Desert plant site. At this plant, sodium borate minerals, such as tincal and kernite, are mined from an open pit. The resulting ores are processed into refined borate products and packed for shipment in bags or railcars. Three major forms of finished sodium borates are handled in this environment: disodium tetraborate decahydrate-Na2B407 + IOR 20, (10 mole); disodium tetraborate pentahydrateEnvironmental Health Perspectives 1 19 Na2 B4 07 + 5H20 (5 mole); and disodium tetraborate-Na2B407, (anhydrous).
The Irritant Response
Many of the irritant symptoms of sodium borate exposure (sensory irritation of the nose and throat, cough, phlegm production, and bronchoconstriction, as evidenced by a decrease in FEVy) are part of the respiratory defense reflex, which functions to protect the body from inhaled irritants (3). This reflex can be triggered by agents that stimulate receptors in the respiratory tract (4). However, little is known about the mechanism by which the irritant receptors are stimulated.
There is evidence that stimulation of the irritant reflex response can occur both as a direct and an indirect response to changes in the osmolarity of the lung-lining fluid (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and may be mediated through histamine (18, 19 At the pre-shift survey, subjects were queried about the presence of a common cold on that survey day or within the past two weeks, about the presence of allergic symptoms or asthma on the survey day, and the time of day they last smoked a cigarette (see Appendix).
To provide close supervision of the study protocol, a technician was assigned to each study subject (2 to 4 subjects were studied per day) and was instructed to stay with that subject throughout the day. The technician was responsible for monitoring the use of the continuous-exposure monitor, and for administering the hourly symptom surveys.
Acute irritant effects were studied in detail through administration of symptom questionnaires before work, and at hourly intervals throughout each of 4 consecutive workdays (see appendix). The closed-ended questionnaires were pilot tested on a separate group of workers who did not participate in the full-scale irritant study. Questionnaires were revised as needed to confirm that symptom queries were understandable. The questionnaire inquired about symptoms of eye, nose, and throat irritation; sneezing; nose bleeds; coughing; and breathlessness. Whenever a subject reported one of these symptoms, the interviewer requested an intensity score and approximate time of onset to the nearest quarter hour. The outcomes were measures of acute irritant symptoms of the respiratory tract and mucous membranes.
Symptom intensity was scored using a category-ratio scale based on Borg's studies of pain or exertion (21) (22) (23) (24) . A score on a scale between 0 and 10 was requested ( Figure 1 ). Subjects were asked to indicate the time of onset to the nearest 15 min within the previous hour (or to indicate when the symptom had persisted from the previous survey). When the analyses were restricted to symptoms of a minimum severity, reports of less severe symptoms were ignored (i.e., considered nonsymptoms).
Only incident symptoms that arose during the workshift were included in the exposure-response analysis. A symptom reported at an hourly survey was defined as an incident symptom if the same type of symptom was not reported in the preceding hour, or the same type of symptom had been reported in the preceding interval but Very, very much (almost maximal) * Maximal it could be determined that the symptom had not persisted from one interval to the next. If no second onset time was reported, the symptom was regarded as persistent rather than incident. In addition to the hourly survey, subjects were provided a means of adding a mark to the exposure monitor each time they experienced an acute irritant symptom (see "Measurements of Acute Exposures"). This device permitted each subject to record the actual time of symptom onset without technician prompting. However, at the hourly survey, the technician would ask whether the marker had been used, and if so, for what symptom.
Measurements ofAcute Exposures. A personal direct-reading aerosol monitor (the MINIRAM, Miniature Real-time Aerosol Monitor; MIE Inc., formerly GCA, Bedford, MA) was used in conjunction with a datalogger system, (the RangerRustrak; E. Greenwich, RI). This system provided for the recording of short-interval, real-time exposures.
The MINIRAM aerosol monitor is most sensitive to aerosols in the respirable size range, and like all photometers, is sensitive to high humidity and changes in the particle-size distribution and composition. Since irritation of the eyes, nose, and throat may be caused by particles in the nonrespirable size range, the MINIRAM's use in the study had to be calibrated separately for the three dust types, as well as for different particle sizes.
Throughout the study, the MINIRAM was used in the active mode as a total-dust monitor, with a flow adapter that enabled pumps calibrated at 2 / min to pull the aerosol through the MINIRAM chamber and onto a closed-faced filter that was subsequently gravimetrically analyzed. To account for the fact that both borates and nonspecific dust may have irritant properties, it was hypothesized that the boron content of dust samples might better represent exposure to borates. Consequently, each filter was also analyzed for total boron content.
A Marple Personal Cascade Impactor with four stages (Anderson Samplers; Atlanta, GA) was used to determine particle-size distributions with cut points for the impactor stages at 21.3, 14.8, 9.8, and 3.5 microns (25) . A Cahn model 29 electrobalance was used to weigh the filters for gravimetric determinations. All filters were desiccated for 18 hr prior to weighing.
Continuous MINIRAM readings were recorded on a datalogger data tape outfitted with an event-marker button, so that each Data Analysis for Acute Effects. The exposure-response analysis of symptoms included detailed examination of exposure as measured by the MINIRAM-integrated estimates of daily (6-hr) and short-term (15-min) exposures. Incidence rates for each symptom were computed as the ratio of the number of episodes to the number of person-hours for which the individual was at risk. Risk ratios, defined as the ratio of the probability in the exposed to the probability in the comparison group, were estimated for each symptom. Categories of increasing exposure levels were then defined, and the incidence was estimated within each category.
To adjust for confounding due to smoking, age, and recent cold, the associations were then estimated in a series of logistic regression models. A separate model was fitted to the data for each of the five most common symptom outcomes.
The exposure-response analyses were based first on daily exposures and then on exposure measured in 15-min intervals. The unit of analysis for the daily exposures was the person-day; and the presence or absence of a particular symptom over the course of the day was paired with the daily, measured exposure. Thus, each person contributed four observations to these analyses, one for each person-day of observation.
In the final phase of the symptom analysis, contiguous 15-min intervals were defined from the start to the end of each observation day. The presence or absence of a symptom was then determined for each interval and paired with the 15-min exposure for that interval. Probabilities of response were estimated across categories of increasing levels. In these stratified analyses, subjects were included up to 96 times, one for each of the 1 5-min exposure intervals during which they were at risk over their 4 days of monitoring. These analyses did not satisfy the assumption of independent observations, because multiple observations were made for each subject. Therefore, methods recently developed to account for correlated outcomes in the analysis of repeated measures were also used. Logistic models were fit to the data for each individual with at least three positive symptom reports in the first stage of a two-stage model. Thus, each exposure-response model was based on up to 96 observations. In stage two, the individual odds ratios were summarized using a maximum likelihood estimate of the mean, within strata defined by smoking, cold status, age, and duration of employment. These results have been presented in more detail elsewhere (26 %predFEV, (1981) 104 (2) 99 (3) 93 (6) % pred FEV1 (1988) 100 (4) samples represented dust concentrations ranging from 0.1 to 205 mg/im3. The types of sodium borate dust do not vary greatly in refractive index or particle size. Nevertheless, the calibration curves were examined for each of the dust types and combinations of dust types to which workers were exposed, to verify that the calibration did not change across dust types. Details of the calibration study are reported elsewhere (28) . Gravimetric results predicted from the calibration curves were compared with those actually measured in areas not used to generate the curves and were found not to be significantly different. This suggested that the calibration curves could be generalized to all areas in the study.
Personal Exposure Estimates. The environmental sampling activity was undertaken on 432 sample-days (each person sampled for 1 day contributed 1 sample-day). There were only 13 (3.0%) sample-days without complete daily measures and only 2 sample-days without even partial data (0.5%).
Daily versus Short-Term Exposure. The arithmetic mean of daily exposures in the comparison group was 0.45 mg/m3 total dust (0.02 mg/m3 total boron), with virtually 100% of the daily levels below 1.0 mg/m3 total dust and almost 90% below 0.5 mg/im3. Less than 10% of the 15-min levels were greater than 1.0 mg/m3. In contrast, average daily exposure for the exposed group was 5.72 mg/im3 of total dust (0.44 mg/m3 total boron), with only 21% of the group showing daily exposures of less than 1.0 mg/m3 total dust, while the majority of exposures were between 1.0 and 10.0 mg/m3. A total of 68% of the exposed subject-days included at least one 15-min interval when exposure exceeded 10 .0 mg/m3.
Respiratory Irritation: Preshift Symptoms. Preshift symptoms reported by workers surveyed before entry to the workplace were presumed to be unrelated to work. Four of the five symptoms were reported approximately equally by members of the comparison and exposed groups. Only nasal irritation was notably more prevalent in the comparison group (11 of 27 vs 25 of 76). Approximately one-quarter of both groups reported having a cold on the survey day, and more than one-third reported having had a cold in the previous 2 weeks. Although this frequency of colds appears high, the prevalence was the same in the two exposure groups.
Respiratory Irritation: Incident Symptoms. Previous studies of employees exposed to borate dusts included reports of nosebleeds as an important finding. In this study, although subjects were interviewed regularly about them, no nosebleeds were reported. Therefore, nosebleeds are not referred to in any of the tables describing symptoms. Sneezing is represented only in the collapsed category, any symptom, because it was not reported frequently enough to be evaluated separately.
In contrast to the preshift symptom pattern, the frequency of incident reports was uniformly higher among the borateexposed. The most striking difference was for nasal irritation, where 23% of the exposed group reported at least three incident symptoms, in contrast to none among the comparison group. When incidence rates were calculated for each symptom, the exposed group was almost nine times as likely to report nasal irritation as the comparison group, and seven times as likely to report breathlessness (Table 7) . Among those exposed, nonsmokers had higher rate ratios than smokers for nasal (1.3) and eye (16.8) irritation, and lower rate ratios for throat irritation (0.9), cough (0.5), and breathlessness (0.4).
Because dust was measured continuously over the day, paralleling the collection of health data, short-term 15-min and daily exposure levels could be examined in relation to health outcomes. For these analyses, risk was expressed as a probability of response, equal to the proportion of exposure intervals in which a symptom was reported.
Respiratory Irritation: Exposure- Responsefor Daily Exposures. When examined by daily exposure (Table 8) , the probability of nasal irritation increased from 0.01 on days when the daily exposure was less than 1 mg/m3, to 0.27 when daily exposures exceeded 15 mg/m3, almost a 30-fold increase. For all five symptoms, the probability of response increased with increasing levels of exposure. These exposure-response trends were statistically significant (p<0.05) for all but eye irritation. When these same relationships were examined using estimates of daily exposures to boron in place of total dust the same findings were observed (data not shown).
To adjust for confounding, we included age, current colds, cigarette smoking, and dust level as independent variables in logistic models. The results for each symptom were modeled with subjects included once for each day of observation (generally four times). The exposure-response relationships remained present for all five irritant symptoms (data not shown) with the magnitude of the adjusted risk estimates very close to the unadjusted risk estimates (29) .
To assess the importance of dust type as well as dust level, a variable for dust type was added to the model. Due to limitations in the distribution of type-specific data, this variable was defined as anhydrous borax versus other. When this type variable was included, it was found not to be a significant risk factor in any of the models. (29) . Respiratory Irritation: Short-term Exposure Models. To address the problem of correlated outcomes when examining 15-min exposures within study subjects, separate logistic models were estimated for individual subjects where possible. The 29 subjects who reported a minimum of three incidents of a symptom during the four survey days were identified. Doseresponse models were fit to the data for the 25 of these individuals who had complete exposure data. The exposure-response parameters estimated in these logistic models are estimated-odds ratios, (EOR), interpreted as an individual's odds of reporting a symptom given an increase of 1 mg/ m3 in 1 5-min exposure interval.
Ninety percent of the 25 EORs exceeded 1.0. The maximum-likelihood estimate of the EOR among the subjects with multiple positive responses was 1.02 (95% CI:
1.01-1.04) per unit dust. When these odds ratios were stratified by smoking, dust type, duration of employment, recent cold, or age, none of the effect modifiers significantly changed the estimates.
All of the above relationships, using either daily or 15-min estimates of total dust exposures were also examined using estimates of total boron exposures. In every instance, the results were similar (data not shown).
Respiratory Irritation: Multiple Responders. Finally, there was a question as to whether individuals with multiple-symptom reports were more sensitive or more highly exposed. The group of subjects with multiple-symptom reports were younger, smoked less, and were more likely to have a current cold or allergy. However, the multiple responders had substantially higher average exposures (11.2 vs 3.7 mg/m3).
Respiratory Irritation: Acute Symptom Severity. The evidence presented suggests that frequency of irritant events is increased in a sodium borate-exposed work environment. The possibility that intensity of the symptoms reported also increased over background was also examined. This effort took advantage of the fact that, for each symptom reported, the subject was asked to rate its severity. Subjects responded without difficulty to this query; and, as expected, reports of more severe responses were less frequent.
The severity of symptoms reported by comparison-group subjects before they entered the workplace was examined to suggest background severity levels. The results showed that background irritant symptoms were uncommon, and the severity level was lower than that reported for symptoms that occurred at work. Among all comparison subjects without current colds, the average preshift symptom severiEnvironmental Health Perspectives ty across all symptoms was 1.9, and the average severity for nasal irritation, the most common symptom, was 2.2. Those with current colds reported slightly lower average severity (2.0) for nasal irritation, but higher severity for throat irritation (2.0 vs 0.9) and cough (2.3 vs 1.4).
When the frequency distribution of the severity of responses during the workshift was described, it was found that, among all symptoms, 91% were <3 and 96% were <4. Thus, there was a virtual cap on the degree of irritation reported in association with current exposures to sodium borate in this setting.
Approximately one-third of the total study time was spent in the lowest exposure category, <1 mg / m . Among symptoms reported in this exposure category there were virtually none with severity greater than 2, "very little" (Table 9 ). At exposures greater than 1 mg/n m, however, exposure-response associations were seen for each specific type of symptom of severity .3. The trends were similar to those seen when symptom severity was ignored. When examined in logistic models, it again was found that confounders did not alter the significant exposure-response relationships.
Exposure relationships were further reviewed using a stricter severity criterion.
Severity levels of .4 and .5 were examined for nasal irritation; the only specific symptom that occurred with sufficient frequency for such refinement ( The absence of general population rates makes it necessary to make a judgment about an acceptable frequency of irritant symptoms based only on data from this study.
Were the irritant symptoms considered to serve as sentinels of chronic, irreversible changes, it might be required that all symptoms of 3+ severity be prevented. The analysis of the chronic pulmonary function data, however, suggests that this population is not developing chronic pulmonary function decrement attributable to the current work exposures. Although the analysis does not provide a definitive answer to whether the irritant symptoms can be treated only as short-term reversible events, it is sufficiently convincing to suggest that some frequency of moderate irritation (severity level 3) can be tolerated without undue chronic sequelae.
The focus on moderate irritation should be seen in the context of this study's use of a new symptom severity scale. This scale has been adapted following extensive use of similar scales in the evaluation of musculoskeletal and anginal pain. In the results presented above, the severity scale has been shown to provide reproducible and reliable results. In particular, the reported symptoms occurred with less frequency in the higher severity categories, but the exposure response relationships were consistent regardless of severity level selected as a minimum.
It is important to note, however, that the severity scale has not yet been used in other irritant-exposure environments. Thus, although it has been shown to provide internally consistent data within this study, there is limited information on how to interpret the absolute level of irritation associated with a moderate response to sodium borate. Ideally, this scale would have been applied in the field to study other known irritants such as sulfuric acid mist (in a battery plant) or ammonia (in a chemical manufacturing environment). In the absence of such data, one is forced to make the necessary judgments about the absolute level of severity on the basis of data collected with a different severity scale in an experimental, rather than in a field study. The totality of the evidence suggests that the current levels of sodium borate exposures in this plant are generally associated with no more than moderate irritant responses. The definition of an acceptable level of risk is a difficult and arbitrary one. The exposure limits necessary for control will depend on the health risk of interest. For sensory irritation, in the absence of a chronic effect, some risk is probably acceptable. In this circumstance, then, the selection of an appropriate goal for limits of exposure to borates is likely to depend in part on considerations of technical feasibility and cost.
Lower exposure limits would be required to achieve longer work-related symptomfree periods. Using the data available, an effort was made to estimate the number of hours or days at different daily exposure levels during which an irritant symptom was not probable. The results suggested that a daily exposure level of 1.0 mg/m3 would permit an exposed worker to experience one incident symptom per week, while a daily level of 10.0 mg/m3 would make more than one moderate symptom per day improbable. Examination of the analogous results for total boron suggested that the same goal would be accomplished if daily levels were kept below 1.0 mg/ m3 of boron.
Differences in the potency of the three dust types were suggested in some of the analyses. These differences, however, were no longer present when confounding was taken into account. In the absence of a specific analytical method to distinguish dust type in environmental samples from the field, type differences cannot be directly evaluated in field samples. How 
